We present an observational study of the planetary nebula (PN) NGC 7354 consisting of narrow band Hα and [N II]λ6584 imaging as well as low and high dispersion long-slit spectroscopy and VLA-D radio continuum. According to our imaging and spectroscopic data, NGC 7354 has four main structures: a quite round outer shell and an elliptical inner shell, a collection of lowexcitation bright knots roughly concentrated on the equatorial region of the nebula and two 1 asymmetrical jet-like features, not aligned neither with the shells axes, nor with each other. We have obtained physical parameters like electron temperature and electron density as well as ionic and elemental abundances for these different structures. Electron temperature and electron density slightly vary throughout the nebula going from ≃ 11, 000 to ≃ 14, 000 K, and from ≃ 1000 to ≃ 3000 cm −3 , respectively. The local extinction coefficient c Hβ shows an increasing gradient from South to North and a decreasing gradient from East to West consistent with the number of equatorial bright knots present in each direction. Abundance values show slight internal variations but most of them are within the estimated uncertainties. In general, abundance values are in good agreement with the ones expected for PNe. Radio continuum data are consistent with optically thin thermal emission. Mean physical parameters derived from the radio emission are electron density n e = 710 cm −3 and M (H II)= 0.22 M ⊙ . We have used the interactive three-dimensional modeling tool shape to reproduce the observed morphokinematic structures in NGC 7354 with different geometrical components. Our observations and model show evidence that the outer shell is moving faster (≃ 35 km s −1 ) than the inner one ≃ 30 km s −1 . Our shape model includes several small spheres placed on the outer shell wall to reproduce to equatorial bright knots. Observed and modeled velocity for these spheres lies between the inner and outer shells velocity values. The two jet-like features were modeled as two thin cylinders moving at a radial velocity of ≃ 60 km s −1 . In general, our shape model is in very good agreement with our imaging and spectroscopic observations. Finally, after modeling NGC 7354 with shape, we suggest a possible scenario for the formation of the nebula.
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Introduction
Since the recognition that winds from the central stars of planetary nebulae (PNe) play an important role in the shaping of these objects (e.g. Kwok et al. 1978; Balick 1987) , and that only a small fraction of them show circular symmetry, the interest in PN morphology has triggered an active field in both theoretical and observational astronomy. Many studies have been devoted to classify (e.g., Balick 1987; Schwarz et al. 1992; Manchado et al. 1996) and to model the basic morphologies observed (circular, elliptical and bipolar) with noticeable success (e.g., Balick et al. 1987; Hajian et al. 1997) . However, high resolution images have shown that the morphologies of PNe are far from simple. Multiple shells, multipolar structures, highly collimated outflows, microstructures and peculiar geometries are present in many PNe and cannot be explained with simplistic models (e.g., Sahai & Trauger 1998; Miranda et al. 2006; Miranda, Pereira & Guerrero 2009 ). Nowadays, it is accepted that highly collimated outflows play a crucial role in the shaping of PNe (Sahai & Trauger 1998) .
Nevertheless, other physical processes are probably present, so that most likely the shaping of PNe is a result of many processes acting at the same time (e.g., Balick & Frank 2002) . In order to understand complex PNe, the first step is to identify the structural components present and to define their nature. High-resolution, spatially resolved spectroscopy combined with narrow-band imaging has demonstrated to be a powerful tool to disentagle the structural components in PNe, to infer their nature and to constraint the ejection processes involved in their formation (Miranda & Solf 1992; Vázquez et al. 1999 Vázquez et al. , 2008 Guerrero et al. 2008; Vázquez et al. 1998; López et al. 2000) .
Although at first glance NGC 7354 looks like an elliptical PN, extense Hα, [O III]λ5007, [N II]λ6584 and mid-infrared imaging and spectroscopic data have revealed that it possess a more complex structure (Sabbadin et al. 1983; Balick 1987; Hajian et al. 1997; Phillips et al. 2009 ). In particular, Balick (1987) described this nebula as consisting of an inner halo, a thin bright rim, two spike-like tails, and low-excitation patches projected onto the rim-halo interface. The largescale structures observed in NGC 7354 are qualitatively well described using the interacting winds theory (e.g. Balick et al. 1987; Mellema 1995; Hajian et al. 2007 ) but no deep analysis has been carried out for the small-scale structures and their relationship with the large-scale ones.
In this work we present a detailed observational study of the morphology, internal kinematics, and physical and chemical properties of NGC 7354. These data allow us to discuss and model each of the components present in the object and to suggest a possible scenario for the formation of this nebula.
Observations and Results

Optical Imaging
Narrow-band images of NGC 7354 were obtained on 1997 July 24 with the Nordic Optical Telescope (NOT) 1 and the HiRAC camera equiped with a Loral CDD of 2048×2048 pixels and a plate scale of 0.
′′ 11 pixel −1 . Two narrowband filters were used: [N II]λ6584 (∆λ = 10Å) and Hα (∆λ = 10Å). The exposure time for both filters was 900s. Seeing was about 0.
′′ 9 during the observations. Figure 1 shows a mosaic of our Hα and [N II] images, including unsharp masking images in both filters constructed to show up both the large-and small-scale structures in the nebula. In these images, we can identify the main structures previously described by other authors: the outer shell, the elliptical inner shell, the bright equatorial knots, and the two jet-like features. In the following we will describe in more detail each of these structures as well as new morphological details that have not been previously mentioned.
The outer shell looks like a round envelope in the high-contrast images but it appears as a faint cylindrical structure in the low-contrast images. Its size is ≃ 33 ′′ ×29 ′′ with the major axis oriented at position angle PA ≃ 15
• . The outer shell is brighter in Hα than in [N II] although in [N II] several bright knots are observed at the edges of it.
The inner shell present an elliptical shape with its major axis oriented at PA ≃ 30
• and a major and minor axis length of ≃ 21 ′ × 16 ′′ , respectively.
This structure is noticeable fainter in [N II] than in Hα. Moreover, the regions along the minor axis are particularly bright in Hα. A closer inspection of the images shows that the polar regions deviate from the elliptical shape and appear as two bubbles. This is particularly noticeable in Hα. We will refer to these regions of the inner shell as the polar caps . The bright equatorial knots are observed in [N II] but not in Hα. They are mainly concentrated in two groups, East and West, and along the equatorial plane of the outer and inner shells.
The two jet-like features are bright in [N II] but much fainter in Hα. The northern feature is oriented at PA≃ 13
• and extends ≃ 7 ′′ . The southern feature is oriented at PA ≃ 205
• , extends ≃ 11 ′′ , and appears narrower than the northern one. We note that the orientation of these two features does not coincide with each other nor with the orientation of the outer and inner shells.
In order to improve the view of NGC 7354, we retrieved a Hubble Space Telescope (HST) image from the MAST Archive 2 (Proposal ID: 7501; P.I.: A. Hajian; date of observation: 1998 July 21; filter F658N; exposure time 1000 sec). Fig. 2 shows this image. The morphology of the outer and inner shells is similar to that observed in ground based images (Fig. 1) . The jet-like freatures appear as cometary tails with a bright knot facing the central star and faint tails directed outwards. They present a knotty structure, particularly the southern one. The HST image resolve the bright equatorial knots into a series of small knots and filaments embedded in diffuse emission. ′′ 0. Flux calibrator was 3C48 (adopted flux density 3.3 Jy) and phase calibrator was 0019+734 (observed flux density 1.0 Jy). Total on-source integration time was 30 minutes. The data were calibrated and processed using standard procedures of the Astronomical Image Processing System (AIPS) package of the NRAO. Fig. 3 shows an uniform-weighted map of NGC 7354. The emission presents a circular morphology and extends ≃42 ′′ in diameter. Two emission maxima are observed separated by ≃10 ′′ and oriented at PA≃ 100
Radio continuum
• . These emission maxima coincide with the Hα bright regions observed along the minor axis of the inner shell.
From our data we derive a peak flux density of 72 mJy beam • 17 ′ 06. ′′ 8, and a total flux density of 502 ± 4 mJy. We note that our map is similar to that obtained by Terzian et al. (1974) , being the flux density values obtained in both works consistent with each other and with optically thin thermal emission. Adopting a distance of 1.5 kpc for the nebula (Sabbadin 1986, see Sec. 3 .1) and following the formulation by Mezger & Henderson (1967) , we derive a mean electron density of ≃ 710 cm −3 and an ionized mass of ≃ 0.22 M ⊙ . Table 2 . Error estimates take into account the readout and photon noise and they are propagated along the calculation of physical quantities. Whenever possible, N e values were calculated using the value of T e derived from the corresponding high-or low-excitation ion, [O III] 
Low Resolution Spectroscopy
Extinction within the nebula, as indicated by c Hβ , shows a slight increase from South to North with values ranging from ≃ 1.7 to ≃ 2.4, respectively. Relatively high values of c Hβ ≃ 2.4 are found in the low-excitation equatorial knots. These values can be compared to those in the surroundings of the knots where the extinction decreases up to c Hβ ≃ 1.7. This result suggests that the equatorial knots are denser and/or contain more dust than the rest of the nebula.
Electron density slightly increases inwards from the outer shell (regions B1 and C6) with values of ≃ 1 000 cm −3 to the inner regions of the inner shell (region B4) where values of ≃ 2 400 cm −3 are found. The bright equatorial knots are clearly denser that both the outer and inner shells with an average density of ≃ 2 600 cm −3 . For the jetlike features, the electron density is relatively low with the National Science Foundation.
with values around ≃ 1 300 cm −3 .
Electron temperature also seems to slightly increase from ≃ 13,000 K at the walls of the outer shell (regions B1, B6 and B7) to ≃ 15,000 K at the center of the inner shell (region B3). In the bright equatorial knots, electron temperature ranges from ≃ 10,000 to ≃ 12,400 K. For the northern jet-like feature, no [O III] and [N II] lines were detected with a good signal-to-noise; in the southern jet-like feature, we have obtained an electron temperature of ≃ 12,000 K (regions A5 and D3).
Ionic and elemental abundances values are listed in Tables 3 and 4 , respectively. They have been obtained with the task IONIC in IRAF and using the ionization correction factors by Kingsburgh & Barlow (1994) , respectively. Table 4 also lists abundances in other objects for comparison purposes. Small abundance variations, within the estimated uncertainties, are observed throughout NGC 7354. In general, we found that all our abundance determinations are consistent with those of PNe, see Table 4 . Since neither He nor N overabundance is observed, as in the case of Type I PNe, we can say that it behaves like a Type II PN.
Elemental abundances for NGC 7354 have been reported by several authors (Hajian et al. 1997; Martins & Viegas 2002; Perinotto et al. 2004a; Stanghellini et al. 2006 ). However, a comparison of our abundance estimations with those from the literature is not straightforward since we have obtained abundance values for several slit positions and specific regions along them. In the case of Hajian et al. (1997) , they report abundance values of six regions along a slit position very similar to our slit A. Their abundances tend to be two or three times higher than ours in the case of O/H, N/H and S/H but lower in He/H and similar in Ar/H. Comparison with other studies can only be done through average values along each of our slit positions or the total average obtained from all our studied regions. We have compared our total averaged O/H, N/H, S/H, Ar/H abundances with those from Perinotto et al. (2004a) and Stanghellini et al. (2006) . In both studies, their abundances seem to be lower than ours but in the case of Stanghellini et al. (2006) this difference may be due to tha fact that they consider the PN as a whole and excluded special features in the nebula.
High Resolution Spectroscopy
High-resolution, long-slit spectra were obtained in 2002 July 15 to 17 and 2007 July 10 to 17 with the Manchester Echelle Spectrometer (MES; (Meaburn et al. 2003) ) mounted on the 2.1 m telescope at San Pedro Mártir Observatory (OAN-SPM). A Site CCD with 1024×1024 pixels was used as a detector. Binnings of 1 × 1 and 2 × 2 were used in 2002 and 2007, respectively. Slit width was 1.6
′′ and the achieved spectral resolution (FWHM) is 12 km s −1 . The slit was oriented North-South and centered at several right ascensions across the nebula, except in those slits that covered the jet-like features, which have been centered on the central star and oriented at PAs 13
• and 25
• . Figure 5 shows the used slit positions, numbered from 1 to 8, superimposed on the unsharp masking [N II] image. Data reduction was carried out with the IRAF package.
Grey-scale, position-velocity (PV) maps, derived from the eight long-slit spectra, are shown in Fig. 6 for the Hα, [N II]λ6584, and He IIλ6560 emission lines. From the long-slit spectra, we derived a heliocentric systemic velocity of −42 ± 2 km s −1 for NGC 7354, in excellent agreement with −41 ± 2 km s −1 deduced by Sabbadin et al. (1983) . Through this paper, we will consider the systemic velocity as the origin for quoting internal radial velocities and the declination of the central star as the origin for quoting distance measurements. The PV maps allow us to recognize the structural components that have been identified in the direct images. In the following, we will describe the spatio-kinematical properties of these components.
The [N ii] emission from the outer shell is recognizable at slit positions 1,2,3,5, and 6. The emission is very faint and in the central nebular regions it appears superposed by the stronger emission from the inner shell. Maximum radial velocity of ≃ 35 km s −1 is observed at the center and decreases with distance to the central star. Emission from the outer shell can be recognized in the Hα line (Fig. 6 ) by its spatial extend. However, the large thermal width and, probably, low expansion velocity in this line do not allow us to obtain detailed kinematic information. The outer shell cannot be recognized in the long-slit spectra of the He IIλ6560 line.
The inner shell can be identified at all slit positions in the three lines. The emission feature of the inner shell appears as a velocity ellipse in the PV maps. direct image and these particular PV maps, we identify these weak emissions with the two polar caps located on the main symmetry axis of the inner elliptical shell.
All slit positions in our [N II] PV maps, show the presence of at least one of the bright lowionization knots identified in our optical [N II] images (Fig. 1, right panel) . In all these PV maps we can see that most of them are located very close to the zero position line, i.e. almost on the equatorial plane of the nebula. Although these PV maps show that emission arising from different bright knots may be mixed due to projection effects, we can estimate that their expansion velocity ranges between the inner and outer shell expansion velocities, 28 km s −1 to ≃ 40 km s −1 , with only two of them having lower velocities, ≃ 24 km s −1 . A final remark on the low-ionization knots is that in our [N II] PV maps, slit positions 1 and 6, we can see two weak spots of emission almost simetrically located at about 14 ′′ to the North and South from the central star, respectively. Both emission spots show negative and very low velocities of ≃ −5 km s −1 . We identify these two spots of emission as coming from two bright knots that, in projection, appear to be located on the outer shell wall (see Fig. 1, [N II] images).
Although [N II] emission from the two jet-like features can be identified at slit positions 2 and 5 (Fig. 6) , it can be better analyzed at slit positions 7 and 8 which were specially selected to cover these structures. In the corresponding PV maps we can see the conspicuous emission arising from the two jet-like features. While the North jet-like feature emission is slightly redshifted, the South feature is slightly blueshifted. Both features show a small radial velocity, between 0 and 5 km s −1 which suggest that they are moving almost in the plane of the sky.
3. Discussion 3.1. Morphokinematic structure and modeling
As we have described, NGC 7354 shows four different structures: two large scale structures, the outer and the inner shells, the last having two polar caps located on its symmetry axis; a number of low-ionization bright knots lying about the equatorial plane, and two jet-like features located close to the North and South of the nebula, slightly inclined respect to the inner shell symmetry axis. Our high dispersion spectra indicate that (a) the inner shell is expanding with a velocity which is smaller than that of the outer shell, (b) most of the bright equatorial knots are moving at velocities closer to the outer shell, and (c) the jets' projected velocity is very small.
In order to test the overall morphology and kinematic structure of the nebula we have used the interactive three-dimensional (3D) modeling tool shape Ver. 2.0 (Steffen & López 2006) . shape produces synthetic images and PV diagrams which can be compared directly with our observed CCD images and PV maps. We have considered two ellipsoidal structures (inner and outer shells), two spherical sections (polar caps), several small spheres with different diameter (bright knots) and two geometrically thin cylinders of 2 ′′ in diameter (jet-like features). All these geometrical structures were slightly modified (smoothered, lengthened and/or rounded) in order to match the overall looking of our [N II] images. Besides, all the structures were placed on the proper position to get the corresponding observed radial velocity from our PV maps. Fig. 7 shows all the geometrical components used to construct our shape model.
Each one of the main structures was analized separately in order to obtain its spatial velocity independently. Due to projection effects we are unable to distinguish neither if the low-ionization knots are located between the inner and outer shell nor if they are lying on the foreground or on the background side of the nebula. Thus, we have assumed that the bright knots are located on the outer shell wall, according to their individual velocity shown in our PV map. It is important to remark that the inclination angle of the different structures is unknown and shape does not solve it. Final geometrical and kinematic parameters are shown in Table 5 . Some of the inner shell basic parameters can be compared to those found by Hajian et al. (2007) (Sabbadin 1986) and 0.88 kpc the smallest one (Daub 1982) . We have adopted the largest value of 1.5 kpc in order to derive an upper limit for the kinematical ages. However, using a distance value of 1.2 kpc implies a decrease in the kinematical age estimation of only 20%. But most important, distance uncertainty does not modify the proposed chronological sequence of structure formation in our model. From this model, we have obtained synthetic images and PV diagrams which strongly resemble the observed ones, see Fig. 8 for an example of this good match. Thus, from the proposed 3D model we have not only reproduced qualitatively the overall morphology of NGC 7354 but we have also quantitatively reproduced the kinematic behaviour of each structure.
Formation of NGC 7354
At present, binary star models have been succesful in explaining the origin and process responsible for the equatorial density enhacement required in the interacting stellar wind (ISW) model, or rather the generalized ISW (GISW) model, to explain early-and middle-type elliptical and even bipolar large scale structures observed in PNe (e.g. Balick et al. 1987; Mellema 1995; Mellema & Frank 1995) . On one hand, common envelope (CE) evolution in close binaries has been proposed to be responsible for the expanding slow wind torus needed in GISW (e.g Rasio & Livio 1996; Frank et al. 1996; Terman & Taam 1996; Sandquist et al. 1998 ). On the other hand, accretion disks in binary systems seem to account for the narrow waist bipolar morphologies and even the jets present in PNe. Details may vary on each binary model in order to explain individual morphologies and structures, but in all of them the main idea is that of a jet launched by the central star, or its companion ( Since at first glance NGC 7354 looks like a rather elliptical nebula, one may think that the single star models (ISW or GISW) can explain the presence of the outer and inner shells, and even the formation of the two jet-like features observed in our [N II] image . However, it is unable to explain why all the different structures show different position angles (PA's) on the sky. This characteristic may indicate that the direction of ejection varies with time, and more likely that all the features were formed as independent events. Although nowadays there is no evidence of NGC 7354 possessing a binary nucleus, one may turn around and take a look at binary star models to try to understand in a consistent way the observed morphology of NGC 7354.
It has been proposed that the GISW model coupled with the predictions of the CE evolution theory can account for the formation of elliptical and even bipolar PNe morphologies (Soker & Livio 1994) . Then, we could succesfully explain the outer and inner shells in NGC 7354 based on this mixed model in the following way. After the CE phase has ended, i.e. the envelope has been ejected, the binary may become closer, mass transfer take place, an accretion disk is formed and a jet may be launched (Soker & Livio 1994 ). If we assume that the subsequent evolution is similar to those described in the models for pPNe (Soker & Rappaport 2000; Lee & Sahai 2003; Dennis et al. 2008; Akashi & Soker 2008) it is possible that a jet arise from an accretion disk. Then, the accretion disk theory would be able to explain also the two jet-like features observed in NGC 7354. Moreover, some of these models even propose the formation of an expanding dense ring in the equatorial plane (Soker & Rappaport 2000) which in the case of NGC 7354 might be related to the equatorial bright knots. As the nebula evolve, a combination of the processes and mechanisms just mentioned might take place.
With this in mind, we suggest a possible qualitative scenario for the formation of the main structures present in NGC 7354. A slow wind is lost by a central binary system ongoing a CE phase, producing the mild elliptical outer shell. When the AGB fast wind begins, it finds an equatorial density enhaced enviroment forming the bright elliptical rim or inner shell. At this point the CE has been completely ejected and mass transfer from the secondary (main-sequence star) into the primary (white dwarf) will form an accretion disk and eventually a couple of jets will be launched. Once the jets have appeared, they will "push" the polar ends of the inner shell, detaching them from it. Eventually, the two jets would break the caps and escape from the main body of the nebula. Along with the processes mentioned, the binary system may be precessing and each of the structures would show a different PA on the sky. In the case of the two jets, precession may cause that they impinge on the polar caps with a certain angle, i.e. not along the symmetry axis of the caps, breaking them apparently on the "base" of them. According to our derived kinematical ages, the chronological sequence of formation seem to be consistent with the above description. The outer shell is the oldest structure present in the nebula with an age of about 2500 yr. The next younger structure would be the inner elliptical shell with ≃1600 yr. Kinematical ages for the two jet-like features indicate that they are coeval and both were formed almost at the same time as the inner elliptical shell. However, we should notice that the age was derived assuming that they have been moving with the same velocity (60 km s −1 ) since their launch. According with the theory of formation of jets this low initial velocity would be very unlikely, since they arise from accelerated flowing material. Then, more likely the jets possessed a higher initial velocity but they have been restrain along its way. Maybe the main cause of this decceleration was the interaction of the jets with the polar caps.
Regarding the equatorial low-excitation bright knots, as we have mentioned above they may be related to the dense expanding ring formed around the binary system. The bright knots show velocities ranging between the inner and outer shell expansion velocities. This may indicate that they are moving with a similar velocity as the particular ambient gas in which they are embedded. We may compare these bright knots with the microstructures observed in NGC 2392 (eskimo nebula, O'Dell et al. 2002) and NGC 7662 (Perinotto et al. 2004b) . Although each one of these nebulae is seen with a different view angle (NGC 2392 is seen pole-on and NGC 7662 is seen edge-on) both of them show various lowionization knots located beyond the inner structure and mainly on the outer envelope. If we compare the general morphology of NGC 7354 with that observed in NGC 2392 and NGC 7662 one can see that the three of them show an ellipsoidal inner structure surrounded by on outer envelope with low-ionization bright knots located on the outer structure plus jet-like features, interpreted as FLIERs in the case of NGC 7662. In the case of NGC 7354 since it is observed with an edge-on view angle and it is inclined with respect to the plane of the sky, we are not able to observe the real morphology of the equatorial brights knots. However, one can imagine that if one could get a pole-on view, i.e. with the inner shell major axis aligned with our line of sight, one would see bright knots located in a zone between the inner and outer shell very alike the arragement of knots with tails observed in the eskimo nebula. Therefore, having all these elements together, we suggest that, as in the cases of NGC 7662 and NGC 2392, the equatorial bright knots observed in NGC 7354 are not spherical structures but knots with tails, or even filamentary structures. This last suggestion is strongly supported by the high resolution [N II] HST image, Fig. 2 .
A full model with MHD simulations is beyond the scope of the present study, but we are aware that it could clarify some aspects of our work.
Conclusions
We have carried out a detailed morphological and kinematical analysis of the planetary nebula NGC 7354. In addition, we have derived the physical conditions and elemental abundances in 21 regions of the nebula. The main conclusionas of this work can be sumarized as follows.
Physical parameters of all the different structures show that there are slight variations, both in electron density and electron temperature, within the nebula. Considering our error estimates, while density seems to slightly increase inward from the outer shell border to the interior of the inner elliptical shell, temperature values seem to slightly increase in the same direction. Equatorial bright knots are clearly denser that both shells with temperatures in the typical range for ionized gas. Both jet-like features present a quite low density value and temperature was only determined for the South jet-like feature. All our derived physical parameter values are consistent with the ones expected for radiatively excited gas. Local extinction values within the nebula show a slight increasing gradient going from South to North of the nebula and from West to East along the location of the equatorial knots.
Based on our kinematical data we have obtained a model that consistently reproduce the overall as well as the detailed morphology and PV maps of the nebula, using the 3D interactive tool shape. The final geometrical components included in the model are: i) two shells with similar inclination angle (respect to our line of sight) but different position angle of the projected semimajor axis; ii) two semispherical caps placed on the top of the inner elliptical shell; iii) thirteen spherical knots with different sizes, whose velocities spanned between the corresponding velocity values for the outer and inner shells, placed at different positions on the outer shell surface according to the optical image and observed spectra; and iv) two geometrically thin cylinders corresponding to North and South jet-like features.
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